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NATURE AND ZVOLUTION OF THE METEORITE PARENT BODIES: 
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Cambridge, &ssaohusett8 02238 
Petro log ic  and meta l lurg ica l  propert ies of the meteorites 
t ha t  specify o r  l i m i t  t h e i r  depth of equ i l i b ra t i on  i n  the 
parent bodies are noted. Or ig in  of the  s t ructure o f  pa l la -  
s i t e s  i s  discussed i n  de ta i l .  The p a l l a s i t i c  s t ructure 
could have formed s tab ly  a t  the corelmantle in ter faces o f  
i n t e r n a l l y  melted small planets, where the weight o f  sunken 
01 i v i n e  cumulate layers submerged the lowermost o l i v i n e  
c rys ta ls  i n  underlying molten metal. However, the weight 
of the cumulate layer  would a lso deform the o l i v i n e  c rys ta ls  
so extensively as t o  destroy the p a l l a s i t i c  structure, ex- 
cept i n  the smallest parent bodies ( <  %I0 km radius).  It 
appears t ha t  me1 t i n g  and d i f f e ren t i a t i on  ( t o  produce pal l a -  
s i tes,  irons, achondri tes)  occurred i n  an ear l y  generation 
o f  small planetesimals, but  f i n a l  cool ing o f  the meteor i t i c  
mater ial  occurred i n  la rger  bodies. 
A l l  the evidence from pet ro log ica l  and metallographic studies o f  meteorites ind icates 
t ha t  they evolved and t o  some degree equ i l i b ra ted  a t  r e l a t i v e l y  shallow depths i n  planets. 
Most of the evidence f r o m  these d isc ip l ines  does not  t e s t i f y  t o  the t o t a l  s i ze  o f  the 
planets, though there i s  one i tem of evidence tha t  I bel ieve does constrain the dimension 
of ce r t a i n  o f  the- parent planets t o  be very small ; most o f  the present paper wi 11 be de- 
voted t o  a discussion o f  t h i s  point .  
So f a r  as evidence constraining depths of o r i g i n  (not  planetary sizes) i s  concerned, 
a t  the simplest l eve l  one can c i t e  the ophi t i c  textures of eucr i  t i c  achondri tes, which are 
reproduced i n  t e r r e s t r i a l  circumstances only by volcanic rocks t ha t  c r ys ta l  1 ized i n  surface 
flows o r  a t  very shallow depths i n  feeder conduits. Evidence from textures, microcraters 
(Brownlee and Rajan, 1973), and foss i l  t racks (Wilkening, Lal, and Reid, 1971) i n  other 
types o f  Ca-rich achondrite po i n t  t o  t h e i r  evo lu t ion i n  regol i ths ,  a t  the surface o f  one o r  
more bodies . 
The meteorites contain no minerals incons is tent  w i t h  equ i l i b ra t i on  a t  very low pressures 
apart  from the occurrence o f  diamond i n  the Cation Diablo i r o n  and i n  the u r e i l i t e s  (a type 
o f  achondri te) ,  the formation of which i s  c l ea r l y  a t t r i bu tab l e  t o  shock pressures upon im- 
essure a t  depth i n  a planet (Lipschutz and Anders, 1961 ; 
e r  hand, minerals t ha t  woutd be produced by high pressures are 
a phase diagram relevant t o  chondrites and mesosiderites. 
The mineral assemblages o f  both meteori te classes f a l l  i n  the l e f t  (low-pressure) f i e l d ;  
i.e., p lagioclase i s  s tab le  ra ther  than spinel  o r  garnet. The diagram cannot be used t o  
make a quan t i ta t i ve  estimate of pressures fo r  these meteorites because i t  does no t  inc lude 
the e f f e c t  o f  Na and ~ e * + ,  which are important components of the meteor i t i c  systems. The 
abundance o f  aluminum i n  the M I  s i t e s  o f  orthopyroxene i n  ordinary chondri tes i s  vanish- 
i ng l y  small (0.1 + 0.1%), which a t  the apparent temperature o f  equ i l i b ra t i on  (450°C) 
indicates very low pressures. In terest ing ly ,  the  AIM^ content o f  orthopyroxene i n  a 
mesosideri t e  (Patwar) i s  somewhat higher (0.4%; Weigand, 1975). Because o f  the approxi - 
mations mentioned, however, these values cannot be in terpreted quan t i ta t i ve ly .  
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Fig. 1. Stable mineral assemblages i n  the 
system Ca0-Mg0-A1 203-Si02, as a funct ion o f  
pressure and temperature (Obata , 1976). 
Fo = f o r s t e r i t e ,  Opx = orthopyroxene, 
Cpx = clinopyroxene, An = anor th i te ,  
Sp = spinel, Ga = garnet. Numbers on 
dashed 1 i nes represent the atomic Dercent. 
A1 i n  s i x - f o l d  coordinated s i t e s  i n  ortho- 
pyroxene . 
PRESSURE, Kbar 
Perhaps the most valuable evidence f o r  depth o f  equi 1 i b r a t i o n  o f  meteorites i s  p w -  
served i n  the me ta l l i c  minerals they contain. The rates a t  which metal-bearing meteorites 
cooled through the temperature i n t e r va l  600'-400°C i n  t h e i r  parent planets can be estimated 
f r o m  the nature o f  Ni d i f f u s i on  gradients preserved i n  t h e i r  metal a l l o ys  (Wood, 1964; 
Goldstein and Ogi lv ie,  1965). The slower the cool ing rate,  the lower the temperature (and 
hence the higher the Ni content o f  the y a1 l oy )  when d i f fus ion was imnobi l ized. Character- 
i s t i c  cool ing rates for  a number o f  meteori te classes are sumnarized i n  Figure 2 (Wood, 
1967; Goldstein, 1969; Powell, 1969; Buseck and Goldstein, 1969). This f i gu re  a lso  sug- 
gests possible cool ing s i t es  f o r  the meteori te types, by d isp lay ing cool ing ra tes as a 
funct ion o f  depth i n  planets o f  astero ida l  dimension. The cool ing r a t e  ca lcu la t ions assume 
a uniform i n i t i a l  temperature o f  1000°C and chondri t i c  long-1 ived rad ioac t i v i t y ,  bu t  do no t  
take account o f  r ed i s t r i bu t i on  o f  heat sources by igneous a c t i v i t y  (Wood, 1967). 
Many wr i te rs  have concluded t ha t  the meteorites came from d i f ferent ia ted,  concentric- 
a1 l y  layered parent bodies , s t ruc tu ra  , l y  analogous t o  Earth. I r on  meteorites would repre- 
sent the cores of these bodies. Others have advocated parent planets w i t h  " r a i s i n  bread" 
structure, meaning t h a t  r e l a t i v e l y  s m l i  zones o f  me ta l l i c  Ni ,Fe were dispersed a t  a1 1 
depths i n  them. Urey (e.g., 1963) c i t e s  curious reent rant  cav i t i e s  on the surface of the 
Goose Lake i r o n  meteori te (Henderson and Perry, 1958) and the r e l a t i v e l y  la rge  abundance o f  
pa l l a s i t es  among meteorites as evidence t ha t  the surface/volume r a t i o  of i r o n  masses i n  the 
parent planets was high, therefore the i r o n  masses occurred i n  " ra is ins. "  (Pal l a s i t e s  are 
stony- iron meteorites t h a t  cons is t  o f  r ~ , j h l y  equal amounts o f  coarse o l i v i n e  (%I .0 cm) and 
me ta l l i c  Ni ,Fe. The o l i v i n e  c rys ta ls  are i n  close-packed array, w i t h  metal f i l l i n g  the 
spaces between bhem. Clear ly  the so l  i d  01 i v i n e  c rys ta ls  accumulated s tab ly  i n  t h i s  configu- 
r a t i o n  wh i le  the metal was molten (i.e., i n  the temperature range 1600"-1400°C). Properties 
of pa l las i tes  are reviewed by Mason (1963) and Buseck (1977)). Wasson (1972) notes t ha t  the 
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Fig. 2. Left, cooling rates o f  metal-bearing meteorite classes. Right, 
depths a t  which cooling would have occurred a t  these rate,, i n  four 
hypothetical planets of asteroidal dimension. Depths >I80 km i n  the 
503 km body would not cool t o  500°C i n  4.6 * l o 9  yr .  
wide range o f  cooling rates of some geochemically coherent classes o f  i ron  meteori t - s ,  
taken a t  face value, indicate that the l a t t e r  evolved i n  the same parent planet but i n  d is-  
crete bodies a t  widely varying depths, i.e., i n  "raisins." (Cooling rates of 33 Group I I I a  
irons range from 1.5" to 10°/106 y; 23 IVa irons, 7 ° - 8 0 0 / 1 0 ~ r ;  Goldstein (1969).) 
However, a detai led consideration of the chemistry and cooling rates o f  Group I I Ia  
irons (Flgure 3) makes i t  appear l i k e l y  that meteorites from two sources, each wi th cooling 
rates uniform to  w i th in  the uncertainty o f  the method, are lumped i n  t h i s  group. Group IVa 
can be s imi la r ly  decomposed i n t o  two or  three uniformly-cooling components. Figure 2 re- 
f l ec t s  the subdivision of these two groups. Further, the concept of "raisins" does not 
rea l l y  make the Goose Lake cavi t i es  any easier t o  understand, nor Joes the model when exam- 
ined i n  de ta i l  help t o  account for the apparently unstable mixture of high- and low-density 
components that  constitutes pal lasites. The " ra is in  bread" model and others involving 
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Fig. 3. Ni and Ge contents and metallographic cool ing rates of 
Group I I I a  i r o n  o.-teori tes. The number beside each data po i n t  
i s  the cool ing rate,  i n  degrees C/106 y r .  A l l  meteorites comnon 
to  the studies o f  Wasson and Kimberlin (1967) avd Goldstein (1969) 
are p lo t ted.  TWO subgroups I probably representing d iscrete 
sources, are indicated. 
dynamfc processes (e .g . ,  Scott 's (1977) concept o f  i n t r us i on  o f  molten metal i n t o  01 i v i n e  
cumulates) do not  square we1 1 w i t h  the order ly,  close-packed s t ruc tu re  of most p a l l a s i  tes. 
There i s  an aspect o f  melt ing and d i f f e r e n t i a t i o n  o f  planetary i n t e r i o r s  t ha t  would 
have produced pa l l as i  t i c  na te r i a l  as a g rav i t a t i ona l l y  s tab le  layer  a t  the core/mantle 
interface. An o l i v i n e  cumulate layer  immersed i n  mafic s i l i c a t e  magma would press down on 
the in te r face  between magma and d i f f e ren t i a t ed  moltes metal /sul f ide w i th  a weight propor- 
t i ona l  t o  (1)  the thickness o f  the cumulate layer,  (2)  the d i f ference i n  densi ty between 
o l i v i n e  and magma, and (3) the loca l  value o f  :7. This would submerge the lowermost o l i v i n e  
c rys ta ls  a ce r ta in  distance i n t o  the nlolten meta l /su l f ide (Figure 4a). The depth of sub- 
mergence would be greater if magma were f ree t o  erupt t o  the surface o f  the hypothet ical  
planet, meaning t ha t  (1 ) above w w l d  embrace a1 1 the unmel ted substance o f  the planet whose 
density was greater than tha t  o f  the magma (Figure 4b). The amount o f  p a l l a s i t i c  mater ial  
tha t  can be formed by the mechanism o f  Figure 4b can be ca lcu la ted by assessing the downward 
weight of s o l i d  s i l i c a t e s  between R2 and R 3  and requ i r ing  the upward buoyant forces o f  s o l i d  
o l i v i n e  c rys ta ls  between H I  and R, t o  equal t h i s  value: 
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Resul ts are  shown i n  Figure 5, f o r  3 range o f  poss ib le  core  s izes.  The r e l a t i v e  volume o f  
p a l l a s i t i c  ma te r ia l  produced i s  independent o f  the  absolute s i z e  o f  the  p lanet .  I n  p r i n -  
I c i p l e ,  the  volume of  p a l l a s i t i c  ma te r ia l  t h a t  would form i n  an i n t e r r ~ l l y  melted p lane t  ( r e l a t i v e  t o  pure Ni,Fe meta l )  i s  substant ia l ,  l a r g e r  than the r a t i o  of  n a l l a s i t e s  t o  i r o n s  
i n  museum c t ~ l l e c t i o n s .  
Absolute values o f  the  weight exerted downward by cumulate o l i v i n e  a t  H, can be e s t i -  
mated, by assessing one s ide  o f  Equation (1)  as a funct ion  o f  R ( 2  Rj). These are  4, 16, r' 
63, and 390 bars, i n  p lanets of  t o t a l  radius 50, 100, 200, and 500 km respect ive ly ,  f o r  
reasonable compositions and i n t e r n a l  conf igura t ions.  These are  small stresses, b u t  01 i v i n e  
i s  extremely weak a t  the  h igh  temperatures o f  molten i ron.  and even small d i rec ted  stresses 
z - cause i t  t o  y i e l d  by ~ h e  mechanism o f  power-law creep (Ashby and V e r r a l l  , 1977). 
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Fig.  4. Radial columns i n  an i n t e r n a l l y  melted small p lanet .  A:  the simple case i n  
which the melted zone i s  enclosed by an i n t e g r a l  s h e l l  o f  unmelted rock.  B :  the Inore 
r e a l i s t i c  case where the unmelted s h e l l  f r ac tu res  and founders, r e s t i n g  on cumulate 
o l i v i n e  i n  the melted zone; s i l i c a t e  me l t  i s  erupted t o  the p lanetary  surface. 
C: the e f f e c t  o f  deformation o f  o l i v i n e  i n  the p d l l a s i t i c  l aye r  i s  t o  squeeze i n t e r -  
cumulus l i q u i d s  ou t  o f  i t , c l o s i n g  the o l i v i n e  cumulate l aye r  i n t o  pure dun i te .  
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Fig. 5. Posi t ions  o f  t he  .?* and R1 leve': (which de f i ne  the th ickness of t he  
p a l l a s i t e  zone), as a func t i on  o f  t he  t b ~ a l  s i z e  o f  the  metal + p a l l a s i t e  zone 
( t h e  core). A l l  values are  r e l a t i v e  t o  the o v e r a l l  rad ius  of  t he  p lane t  (H); 
the  re la t i onsh ips  are  independent o f  absolute s ize .  Dashed po r t i ons  o f  curves 
correspond t o  u n r e a l i s t i c a l l y  l a r g e  cores, l a r g e r  than would be produced by 
t o t a l  me1 t i n g  and d i f f e r e n t i a t i o n  o f  ord inary  chondri tes. 
Total  deformation (y ,  where y = 1 corresponds t o  the shear s t r a i n  needed t o  deform a 
r i g h t  angle t o  a 45O angle) equals the s t r a i n  r a t e  ( Y )  times the t ime ( A T )  needed t a  cool  
t o  s o l i d i f i c a t i o n .  Taking 
a = ( 5  x 1 0 ' 6 ) ~ 2  
(a = d i rec ted  s t ress  i n  Kbar, 3 = p lane t  rad ius  i n  km; from the  above ca l cu la t i ons ) ,  
y = (4.6 x 1 0 " ) 0 : - ~ ~  
f o r  o l i v i n e  i n  the temperature and shear s t ress  regime o f  i n t e r e s t  (Ashby and \!erral l ,  
1977), and 
AT = (2  x 1 0 3 ) ~ ~  
from coo l i ng  r a t e  ca l cu la t i ons  made by the author !A? i n  years; assuning a s i t e  a t  
depth = 0.5R, and coo l i ng  through the temperature range 1 bZOo-1400nC), the r e l a t i o n s h i p  
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between p lanetary  dimension and t o t a l  de fo rma t io~  experienced by p a l l j s i t i c  o l i v i n e  i s  
found t o  be 
v = (3.4 x 1 0 - R ) ~ 7 . 8 2  (2) 
This r e l a t i o n s h i p  i s  p l o t t e d  i n  Figure 6 (uppermost curve).  
Deformation great  enough t o  o b l i t e r a t e  the c h a r a c t e r i s t i c  p a l l a s i t e  geonietry would be 
experienced by o l i v i n e  c r y s t a l s  a t  the core-mantle i n te r taces  o f  p lanets  l a r g e r  than 2.10 km 
radius.  O l i v i n e  deformation i n  these circumstiinces would have the  e f fec t  o f  squeezing ml- 
ten metal ou t  the  bottom o f  the  p a l l a s i t i c  l a y e r  and molter, mafic s ' l i c a t e  o u t  the top of 
i 
the ove r l y ing  l aye r  (Figure 4 c ) ,  r e s u l t i n g  i n  a  s tab le  l aye r  of  v i r t u a l l y  pure duni te.  
Since Equation (2 )  app l ies  on l y  t o  l e v e l  Y2, and the d i r e c t e d  s t res re3  and v taper t o  I .  
zero a t  R1, i t  might appear t h a t  on l y  the upper p o r t i o n  o f  the  p d l l a s i t i c  l a y e r  was i n  
danger o f  o b l i t e r a t i o n  i n  l a rge  p lanets .  However. the  dashed curves of F igure  6 make i t  
c l e a r  t h a t  no s i g n i f i c a n t  p o r t i o n  o f  t he  p a l l a s i t i c  l aye r  i n  a  p lane t  much l a r g e r  than 
10 km rad ius  would surv ive  des t ruc t i on .  
. . 
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Fig.  6. Tatal  deformation experienced by pa l  l a s i  t i c  o l i v -  
i n e  dur ing coo l i ng  o f  a  small p lanet .  as a  f ~ n c t i o n  o f  the  
p lane t ' s  dimension. The curve labeled 1  represents o l i v i n e  
~t the 3, in ter face,  where stresses are greatest ;  t.he 1C-I 
curve app l i  -. a t  a  l e v e l  10'' of  the  d is tance between !il 
2nd Hz. and so f o r t h .  
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Deformation experienced i n  >I00 km p lanots  (such as F igure  2 appears t o  requ i re  as a 
coo l fng s i t e  f o r  p a l l a s i t e s )  i s  excessive by such a l a rge  fac tor  (: 1 ~ 8 1  t h a t  even nenernlrc 
a l h a n c e  fo r  the  unce r ta in t i es  at tached t o  the est!?!!ite does not  wkc i t  poss ib le  t o  rec- 
o n c i l e  the circurnsta;~ces o f  format ion w i t h  the c i r c u m s t a n r ~ s  P* . - I  i r lg rff pqllazi tes.  
It  appear8 inasortpabtc that thc pal:.--'tee sol;;'tfu?d in sm7' !. ' J  h , l  bodiss, Sue tllaee 
subesquentty mu8L k.~vc joined kq&r (>ZOO h l  h.dies before . 7 1  r r ~ ~ l z n g  thmugh 500°C 
occurrad. The s ze and energy requiremetits and tCc t imi r lg  ~f  be f i r r t  generat ion o f  bodies 
a re  c0r:sistent w l  t h  the Goldreich-Ward wchanism of  planete: ie!rl f o m a t i o n  by g rav i  t a t i o n a T  
i n s t a b i l i t y  of  a dust  d i s k  w i t h i n  th? p r imord ia l  nebula ( ' 9  : I and the 26Al c o n t e ~ i t  of e a r l y  i r 
s o l a r  system mate r ia l  (Ler~ e t  at., 1977). Presumably the i,:cond generat ion was accun.ulated 
by planetesimal encounte!', over a longer t ime period, a f t e r  t ne  d i s s i p a t i o n  of t h e  neoula. 
Thus i t  appears l i k e l y  tha t  the ( I - P C L . , ~  genera t i o r )  parent meteor i te  p:dnets d i d  i n  
fact  have " r a i s i n  bread" s t ruc tures ,  as a consequence oC t h e i r  assembly from smal ler  d i  i -  
fe rent ia ted bodies; bu t  there  i s  no reason t o  expect t ha t  ;he " r a i s i n s "  i n  any p a r t i c u l a r  
second-generation body were geochemically re la ted.  I t  i s  ;uite poss ib le  t h a t  most qr a l l  
i r o n  meteori tes went through a s i r c i l a r  two-stage h i s to ry ,  Yeinn r e 1  ted  and d i  f f e ren t ' a ted  
i n  a small body then coo l i ng  as a " r a i s i n "  i n  a l a r g e r  p ldnet ,  b u t  there  i s  no obvious way 
t o  t e s t  t h i s .  The i r o n  meteor i tes may hdve formed as cores i n t e r i o r  t o  p a l l a s i t i c  lagers,  
i 
o r  t h e i r  f i r s t  generat ion bodies may have been too l a rge  t o  permit  the  su rv i va l  3 f  s i g n i f i -  
cant  amounts o f  p a l l a s i t i c  m a t e r i l l .  I 
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DISCUSSION 
GROSSMAN: I would l i k e  t o  know i f  the boundaries i n  Figure 1 change depending on the pro- 
portions o f  CaO, MgO, etc.? I am wondering whether the par t icu lar  section yo9 are 
showing i s  sensitive t o  these proportions. 
WOOD: I f  by proportions you mean changing the modal f o rs te r i t e  t o  anorthite rat io,  no, the 
boundaries do not change. A l '  the isopleths of A1 i n  the M I  s i t e  of orthopyroxene and 
the boundaries shown i n  Figure 1 are va l id  f o r  the mineral assemblages l is ted,  i r r e -  
spective of the mineral proportions. 
GROSSMN: I wonder i f  you ought t o  st retch the point t o  include up to  12 Kbars on the 
spinel minerals? 
WOOD: It i s  important t o  f i r s t  specify what sor t  o f  spinels you are referr ing to. Mg and 
Al-r ich spinels i n  equil ibrium wi th o l i v i ne  and two pyroxenes would indeed r e f l e c t  very 
high pressures. I n  t h i s  case plagioclase would no longer be stable wi th o l iv ine.  How- 
ever, chromi te-type spinels can be i n  equil ibrium with 01 ivine, plagioclase, and two 
pyroxenes a t  very low pressures ( i . e .  , 0-1 Kbar a t  about 850°C). The Mg-rich spinels 
o f  chondritic Ca, Al - r ich inclusions coexist wi th minerals other than those given i n  
Figure 1; the f igure i s  not applicable to spinel + m e l i l i t e  + fassaite, etc., assem- 
b l  ages. 
ZELLNER: Apparently you must have ctt ieast  one parent body o f  500 km diameter. 
WOOD: That i s  what i s  implied i n  Figure 2, where the diameter jumps from 200 to  500 km. 
But I am not sure you couldn't achieve the lowest cooling rates i n  somewhat smaller 
bodies. 
ANDERS: I s n ' t  i t  s t i l l  true that the very lowest cooling rates, below a degree per m i  11 ion 
years, are a paradox, being found i n  some o f  the unequilibrated ordinary chondrites 
that are vo la t i le - r i ch  and which seem to  have had a f a i r l y  gentle temperature history? 
To get these low cooling rates, one has t o  go f a i r l y  deep inside a large body. The 
second paradoxical category i s  ~nesosiderites, where I think you pointed out that they 
would not cool t o  a reasonable temperature i n  the ent i re  age o f  the solar system. 
WOOD: Yes, that i s  r ight ,  i f  you make the assumption that the mesosiderites have resided 
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a t  the same posit ion i n  t he i r  parent bodies since the time they were formed. If you 
are w i l  l i t rg  to explore more exotic poss ib i l i t ies  o f  relocation o f  volumes of meteori t i c  
material, and to  go through several generations of parent bodies, then these things can 
be worked out. 

higher stresses. The exponent o f  a found by Durham and Goetze i s  ac tua l l y  higher than 
the value used by me (3.6 r- 0.3, versus 2.91). This i s  because my formula i s  based on 
a curve I f i t t e d  t o  Ashby and ?era1 1's ext rapolat ion ( i n  an attempt t o  embrace the 
stress range 0.01-1 Kbar), ra ther  than t o  Durham and Goetze's data. I all1 not  r e a l l y  
qua1 i f i e d  t o  c r i t i c a l l y  evaluate Ashby and Vera l l ' s  modtling, but  note tha t  if I went 
w i t h  the experimental data inrtead, the exponent i n  Equation (2)  would be even higher 
than i t  i s ,  and the po in t  t h i s  paper attempts t o  make would be even more compelling. 
The experimental data only goes down 'o a planetary radius o f  ~ 2 0 0  kn, but even a mod- 
e s t  ext rapolat ion o f  the experimental s t ress -s t ra in  re la t ionsh ip  t o  smaller dimensions 
suffices t o  exclude the p o s s i b i l i t y  t ha t  the pa l l a s i t es  c r ys ta l l i zed  i n  planets as 
large as t h e i r  cool ing rates indicdte. The e f f ec t s  o f  r o t a t i on  are in te res t ing  t o  con- 
sider.  Centrifugal accelerat ion would tend t o  o f f se t  g rav i t y  most beneatb a planet 's 
equator. and there the p a l l a s i t i c  s t ruc tu re  might be preserved i n  a r b i t r a r i l y  large 
planets if they were spinning f as t  enough ( i . c . ,  a t  j u s t  less than the s t a b i l i t y  l i m i t ) .  
The cen t r i fuga l  accelerat ion would go t o  zero a t  the poles o f  the planet,  though, and 
there the pa l l a s i  t i c  s t ructure would be vulnerable. However, if Equation ( 2 )  i s  va l id .  
the d e f o m t i v e  stresses t ha t  would ac t  i n  a nonrotat ing planet are excessive by such a 
large fac to r  (>loe, as noted toward the end o f  the a r t i c l e )  tha t  i t  seems un l i ke ly  
pa l las i tes  could be saved from col lapse by ro ta t ion .  F i r s t ,  if the cent r i fugal  accel- 
e ra t ion  were less tnan g rav i ta t iona l  accelerat ion by even as much as even pa l la -  
s i t e s  beneath the equator would be doomed. This leaves an extremely narrow window of 
r o t a t i on  ve l oc i t i e s  t ha t  would do the job, since the p lanet  would f l y  apart  if the 
cent r i fugal  accelerat ion er~eeded the g rav i ta t iona l  accelerat ion by very much. Second. 
even i f  r o ta t i on  exact ly o f f s e t  g rav i t y  a t  the equator, one would on1 y have t o  go to  
la t i tudes  > s l O - B  radians above and below the equator to  f i nd  the coniponent of cen t r i -  
fugal accelerat ion no longer adequate t o  preserve the pa l las i tes .  
